We examine coherent processes in a two-state quantum system that is strongly coupled to a mesoscopic spin bath and weakly coupled to other environmental degrees of freedom. Our analysis is specifically aimed at understanding the quantum dynamics of solid-state quantum bits such as electron spins in semiconductor structures and superconducting islands. The role of mesoscopic degrees of freedom with long correlation times (local degrees of freedom such as nuclear spins and charge traps) in qubit-related dephasing is discussed in terms of a quasistatic bath. A mathematical framework simultaneously describing coupling to the slow mesoscopic bath and a Markovian environment is developed and the dephasing and decoherence properties of the total system are investigated. The model is applied to several specific examples with direct relevance to current experiments. Comparisons to experiments suggests that such quasi-static degrees of freedom play an important role in current qubit implementations. Several methods of mitigating the bath-induced error are considered.
INTRODUCTION
Solid-state quantum information research attempts the difficult task of separating a few local degrees of freedom from a strongly coupled environment. This necessitates a clever choice of logical basis to minimize the dominant couplings and environmental preparation through cooling. Electron spin in quantum dots has been suggested as a quantum bit, (1, 2) where orbital degrees of freedom do not carry quantum information. As a result, the individual quantum bits are relatively well isolated from non-local degrees of freedom, interacting strongly with only a local spin environment (3−10) and weakly to phonons through spin-orbit coupling. (6,11−14) Josephson junctions and cooper-pair boxes in superconducting systems can be engineered for decreased coupling to local degrees of freedom, (15) and several different approaches to superconductor-based quantum bit devices have shown remarkable promise as quantum computation devices. (15−18) However, superconductor designs may strongly interact with local charge traps and magnetic impurities, (19−21) leading to errors from local noise.
In this paper we examine the problem of coupling to the local environment for a solid-state system. By focusing on quantum information-related tasks, the detrimental effect of local degrees of freedom on specific operations can be assessed. In our model, so-called non-local degrees of freedom (22) (such as phonons and photons) are assumed to be weakly coupled and considered in the normal Markovian limits. However, local coupled systems corresponding to spins, charge-traps, and other finite-level systems, can be interpreted in terms of a finite set of nearby spins that may be strongly coupled to the qubit. In some cases, such as an electron spin in a quantum dot, this heuristic picture corresponds exactly to the actual hyperfine coupling between electron spin and lattice nuclear spins. In those systems, the local environment consists of 10 4 -10 6 lattice nuclear spins, and the coupling can be strong. (3) (4) (5) 23) For superconductor-based designs, the quantum bit couples both to actual spins and to charge degrees of freedom such as 1/ f -type fluctuators, (24) which can be modeled as two-level systems. Thus, analysis of the most general coupling of a qubit to a mesoscopic collection of spins yields an understanding both of limitations in current experiments and of methods for improving the operation and design of solid-state quantum computation devices. We remark that several works have analyzed this type of situation in detail for specific implementations, in superconducting qubits, (20, 21) and in quantum dot qubits. (9,10,25−27) We also note that recent work focusing on quantum dot-based systems parallels several significant elements of the current paper; (25) the results were arrived at independently. The present work focuses on the generality of the model and its impact in the context of quantum information processing.
We begin by considering a spin-1/2 system (the "qubit") coupled to a finite number of spin-1/2 degrees of freedom (the "mesoscopic bath") to both weak and strong driving fields. Inclusion of weaker, non-local couplings (the "Markovian environement") through a Born-Markov approximation reveals a natural hierarchy. A separation of time scales indicates
